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1.  Comments on chlorosome and carotenosome baseplate structures 
In support of the brief discussion of the analogy between the baseplates in 
chlorosomes and carotenosomes in the main text, we here provide additional 
information, lending primarily on previous publications. All available evidence is 
consistent with that the structure and function of the CsmA protein is 
indistinguishable in chlorosomes and carotenosomes. 
1. The carotenosomes harvest light energy as wild-type chlorosomes, albeit 
with less efficiency. Light-harvesting is in favor of a functional baseplate. The 
reduced efficiency is to be expected because chlorosomes contain about 50-100 
times more BChl c than BChl a[1] and carotenosomes contain only BChl a - no 
BChl c (and notice that the content of BChl a and CsmA per cell is similar in WT 
and mutant; see below). It is to our benefit that the genetic removal of BChl c 
also causes elimination of most proteins other than CsmA. We interpret this 
phenomenon as an indication of that the chlorosome proteins other than CsmA 
function in organizing BChl c and do not have significant impact on CsmA. 
2. The carotenosomes enable photosynthetical growth. The mutant cells from 
which the carotenosomes are isolated grow slower than the wild type cells under 
the same light intensity, but nevertheless, the mutant cells still only grow 
photosynthetically and thus, they have a functional light-harvesting system.[2] 
3. The absorption spectra of BChl a in chlorosomes and carotenosomes are 
indistinguishable. This suggests that the environment of this pigment (which is 
the CsmA protein) is not affected by the mutation. 
4. The relevant cellular composition is indistinguishable. The total cellular 
contents of BChl a (determined by pigment extraction and quantification) and the 
CsmA and FMO proteins (determined by immunoblotting) are similar in the 
mutant and in the wild type.[2] 
5. The organization of CsmA monomers is indistinguishable. The organization 
of the CsmA monomers have also been studied and compared between 
carotenosomes and chlorosomes.[3] It was found that similar to chlorosomes, the 
CsmA protein in the carotenosomes formed oligomers at least up to homo-
octamers as shown by chemical cross-linking and immunoblotting. Thus, no 
difference in the organization of the CsmA monomers could be identified. 
6. Morphology of baseplate is indistinguishable. Electron microscopy and atomic 
force microscopy determined that the morphology of isolated carotenosomes is 
consistent with the idea of the CsmA protein forming a baseplate structure that is 
flat and similar in wild type and mutant. [3]  
7. Remarkable stability towards physical treatments. Various chemical and 
physical treatments of isolated chlorosomes and carotenosomes have shown that 
the optical properties of BChl a and the oligomerization of CsmA are remarkably 
stable. Frigaard et al. 2005[3] investigated carotenosomes and stated: “The BChl a 
protein complex was remarkably stable under a number of harsh chemical or 
physical treatments. Treatment of isolated carotenosomes with 6 M guanidine 
hydrochloride, 8 M urea, 2 M sodium chloride, boiling for 3 min, or exposure to 
pH 6 or 9 did not affect the absorption spectrum of BChl a or carotenoids. Nor 
did these treatments apparently disrupt the physical structure of the 
carotenosomes, since they were retained on a 100,000 molecular-weight cut-off 
centrifugal filter device.” With respect to freeze-drying, one study showed that 
this treatment on wildtype chlorosomes did not have a significant effect on BChl 
c absorption and did not abolish energy transfer from BChl c to BChl a.[4] We 
have in the end of next section provided absorption spectra of carotenosomes 
demonstrating no changes for fresh and freeze-dried samples, which provides 
strong evidence of stability towards this treatment. 
 
2. Materials and Methods 
 
Sample preparation 
 
Growth of Chlorobaculum tepidum bchK mutant. Cells of isotope-labelled 
mutant were grown in closed 1 or 2 L bottles in modified CL medium following the 
procedures described by Frigaard et al.[2] Uniform 15N labelling was obtained by 
substituting the ammonium acetate in the original CL medium for an equimolar 
amount of sodium acetate and by using 15NH4Cl as the sole nitrogen source. Uniform 
13C labelling was obtained by substituting the sodium bicarbonate and sodium acetate 
in the original CL medium for the fully 13C-labelled substrate equivalents (NaH13CO3 
and Na13CH313COO). 
Isolation of carotenosomes. The procedure described by Frigaard et al.[4] was 
used. In brief, the cell pellet of a 2 L cell culture was resuspended in 50 mL isolation 
buffer (50 mM Tris, 2 M NaSCN, 10 mM sodium ascorbate, 5 mM Na2EDTA, 0.5 
mM phenylmethanesulfonyl fluoride, 1 mM 1,4-dithiothreitol, pH 8.0). This 
suspension was passed through a French Press to disrupt the cells. After the cell 
extract was clarified by centrifugation (13,000 x g, 20 min, 4 ºC), the supernatant was 
supplemented with 20 % (w/v) sucrose. This sucrose-containing clarified cell extract 
was transferred to ultracentrifuge tubes and overlaid with isolation buffer containing 5 
% sucrose. The tubes were centrifuged at 270,000 x g for 2 h at 4 ºC. After 
centrifugation the carotenosomes appeared as a dark-orange band floating on top of 
the solution. This band was removed and the carotenosome preparation was dialyzed 
against water for at least 24 h prior to freeze-drying.   
Absorption spectra. To check the stability of the BChl a-CsmA complex under 
chemical or physical treatment three absorption spectra were made. Our data reveal, 
that absorption spectra of untreated, lyophilized and SDS-treated carotenosomes (Fig. 
S1) do not show any significant difference in the BChl a absorption, which provides 
strong evidence, that lyophilization have no effect on the BChl a – CsmA structure. 
 
 
 
Figure S1. BChl a absorption spectra of freshly prepared, freeze-dried and SDS-
treated carotenosomes.	  
 
 
NMR spectroscopy 
 
Liquid-state NMR. Approximately 10 mg of freeze-dried, uniformly 13C,15N-
labelled carotenosomes was dissolved in a small volume of trifluoroacetic acid, which 
subsequently was evaporated under a stream of air. A mixture of deuterated 
chloroform and methanol (CDCl3:CH3OH 1:1) was added to obtain the sample for 
liquid-state NMR. The quality of the sample was checked by comparison between the 
obtained 1H,15N HSQC spectrum and the one which was published previously[6]. 
Liquid-state NMR was carried out on a Bruker Avance-II 800 MHz spectrometer 
(18.8 T; Bruker Biospin, Rheinstetten, Germany) equipped with a 5 mm triple-
resonance TCI cryogenic probe. After initially recording a 1H,15N HSQC spectrum, 
three 1H,15N,13C 3D correlation spectra (HNCA, HNCO, CBCACONH) were 
acquired. 3D spectra were processed using Bruker Topspin (Bruker Biospin, 
Rheinstetten, Germany) and NMRPipe.[7] N, C!, and C’ assignments was established 
using Sparky[8] based on the 1H, 15N assignments presented in.[6] 
 
Solid-state NMR. Approximately 36 mg of freeze-dried, uniformly 13C,15N-
labeled carotenosomes were transferred to a 4 mm ZrO2 rotor. Solid-state NMR 
spectra were recorded on a Bruker Avance-II 700 MHz (16.4 T) and 500 MHz (11.7 
T) spectrometer equipped with a standard 4 mm triple-resonance magic-angle-
spinning (MAS) probe. Unless otherwise stated all spectra were recorded using 12 
kHz spinning, 32.45 ms acquisition with 82.8 kHz SPINAL-64[9] decoupling. All 
spectra were reference relative to an external sample of uniformly 13C,15N-labeled L-
alanine. The data were processed using Bruker Topspin and subsequently analyzed 
using Sparky.[8] 
1D 13C CP-MAS experiments (400 µs contact time, field strengths of 27 and 41.5 
kHz on the 13C and 1H (80-100% linear ramp) rf channels, respectively) were 
acquired with a sample temperature of 7 ºC and using a spectral width of 395 ppm, 3 s 
repetition delay, and 16 scans on a 700 MHz spectrometer. The corresponding 15N 
CP-MAS spectra (8 ms contact time, field strengths of 37.8 and 52.2 kHz on the 15N 
and 1H (80-100% ramp) rf channel channels, respectively) were recorded at -9 ºC with 
20.480 scans and 3 s repetition delay, on a 500 MHz spectrometer at 10 kHz spinning. 
In the following multidimensional experiments identical or very similar conditions 
were used for 1H-15N and 1H-13C heteronuclear cross polarization elements. 
2D homonuclear 13C-13C correlation spectra of uniformly 13C,15N-labeled 
carotenosomes were recorded using DARR[10] with 20 ms mixing time. The 
experiments used a spectral width of 395 ppm (2048 points) in the direct dimension 
and 200 ppm with 400 increments in indirect dimension.  
For 15N filtered DARR (20 ms mixing) experiments, the spectral width was set to 
395 ppm (3072 points) in the direct dimension while 28 ppm and 80 increments were 
used in the indirect dimensions, and 324 scans were acquired 
Heteronuclear 2D NCA and NCO experiments were performed using standard 1H-
15N CP (300 !s mixing time) followed by an ramped 15N-13C DCP[11] (5 ms mixing 
time). Indirect dimension: 34 ppm, 36 increments, 2648 scans for both experiments. 
The carrier frequency was set to 50 ppm and 175 ppm in the direct 13C dimension of 
the NCA and NCO respectively. A heteronuclear broad-band 15N-13C correlation 
spectrum was recorded using spectral width 397 ppm (2048 points) in the direct 
dimension and 220 ppm and 32 increments in the indirect dimension, and 2496 scans 
were used. 
3D NCACX, NCOCX, CONCA and CONCO spectra were acquired for sequential 
assignments of the protein. All 3D spectra were performed with a spectral width 395 
ppm (3000 points) in the direct dimension. The NCACX experiment was carried out 
with a spectral width of 26 ppm, 38 increments and 32 ppm 20 increments in first and 
a second indirect dimension respectively with 180 scans. The NCOCX spectrum was 
obtained with a spectral width of 12 ppm and 28 increments in a first indirect 
dimension and 32 ppm and 24 increments in a second indirect dimension using 240 
scans. The CONCA spectrum was recorded with a spectral width of 13 ppm and 24 
increments in indirect dimension and 34 ppm and 20 increments in the second indirect 
dimension and 288 scans. The CANCO spectrum was obtained with a spectral width 
of 34 ppm and 18 increments in the first indirect dimension and 26 ppm and 34 
increments in the second indirect dimension. 
To facilitate observation of BChl a pigment signals, a set of experiments at 
different temperatures at both 700 and 500 MHz instrumentation were performed to 
optimize the signal to noise ratio for these signals.  The actual sample temperatures 
were determined using 79Br chemical shift for a KBr sample for calibration. The 
temperature producing the optimal signal for the pigment was found to be -9 ºC, at 
which temperature no evidence of additional signal improvements were observed 
(results not shown). A DARR spectrum with 20 ms mixing time was recorded at a 
Bruker 500 MHz spectrometer with actual temperature -9 ºC for sequential 
assignments of BChl a.  
 
3. Supporting Tables 
 
Table S1. Chemical shifts determined for CsmA in a 1:1 chloroform:methanol 
solution using liquid-state NMR  
 
#    AA 13Cα    13Cβ   13C’   15N 
1    M  55.0       33.1  171.6     - 
2    S  58.4       64.6  174.4     117.0 
3    G  46.3       -  174.7     109.5  
4    G  46.5                -  175.2     106.8 
5    G  46.4                   -  174.8      109.4 
6    V  66.0       31.7  177.1     120.7 
7    F  61.1       38.6  177.2     117.9 
8    T  67.0       68.3      175.6     113.4 
9    D  56.4       37.3  177.2     120.0 
10   I  65.4       37.7      177.4     120.4 
11   L  58.1       41.6      179.2     119.8 
12   A  55.1       18.2      179.8     120.8 
13   A  55.3       18.3  179.1     120.7 
14   A  55.3       18.2  180.0     119.8 
15   G  47.5        -  175.2      104.7 
16   R  58.8       29.6      177.9     121.6 
17   I  65.3       37.5  177.7     119.2 
18   F  61.8       39.1      176.9     119.7 
19   E  59.7       28.2  178.1      116.9 
20   V  66.8       31.4   178.3     118.8 
21   M  59.1       32.5  179.1     119.5 
22   V  67.3       38.8      178.3      120.9 
23   E  59.6       27.9   178.9     119.0 
24   G  47.3       -  176.7     106.4 
25   H  59.7        27.9  176.2     121.8 
26   W  60.6    29.2      178.6     120.2 
27   E  59.4   28.2      178.1     118.6 
28   T  67.6   -  175.8     115.3  
29   V  67.2               31.3   177.5      121.0 
30   G  47.8   -  175.3     107.6  
31   M  59.0   32.7  179.2     120.7 
32   L  58.4   41.6      178.7     122.6 
33   F  61.8   38.7  178.1     119.3 
34   D  56.2   37.7  177.3      117.8  
35   S  62.6   58.8  176.2     115.5  
36   L  58.6       41.7  180.4     122.8  
37   G  47.7       -  175.1     109.3 
38   K  60.0   32.4  178.8     121.6  
39   G  47.6       -  175.2     105.9 
40   T  67.3       64.1  176.4     117.1 
41   M  59.0   32.2      177.9     120.9 
42   R  59.8       30.0      178.1     119.3 
43   I  65.3   37.6      177.8     119.0  
44   N  56.8       38.8  177.1     118.3  
45   R  59.7   -  178.3     119.3 
46   N  55.8   38.1  177.6     118.2  
47   A  55.4       18.3      178.9     124.0 
48   Y  61.3       38.5  178.5     117.6  
49   G  47.0   -  175.4     105.8  
50   S  61.1   63.7  175.2     115.9  
51   M  56.7   30.6      177.1               119.4  
52   G  46.1   -  174.9     106.3 
53   G  46.1   -  174.7     107.7 
54   G  46.1   -  174.4     107.3  
55   S  59.8   64.1  175.3     114.8 
56   L  56.0   41.9  177.2     120.7 
57   R  56.4   30.6      175.9      116.9 
58   G  45.3   -  172.9      106.5 
59   S  57.6   -  -   113.4 
 
 
 
Table S2. Chemical shifts of CsmA in carotenosomes from solid-state MAS NMR 
spectra.  
 
#    AA     15N           13Cα   13Cβ               C’ 
2     S      120.2                 55.4         57.9                178.5  
3     G      99.9                          -     -                - 
5     G        -                 45.1         -              175.0  
6     V      108.2                  64.2         31.0                          178.7 
7     F      118.9                  61.4         38.0               177.6 
8     T      120.8                         69.1         66.9                176.3 
9     D      117.2                  57.9         40.5    178.2 
10   I      116.3                  65.1         37.9    175.8 
11   L      123.0                 58.0     40.7               178.3 
12   A     120.1                  55.2         18.1    178.9 
13   A      117.7                55.1         17.0    180.5 
14   A      120.2                 55.3         17.5    178.7 
15   G      104.8                  48.5          -               175.1 
16   R      119.9                 58.1          -              178.6 
17   I      116.2                 66.2           37.8   176.3 
18   F      116.0                 61.6          39.5   175.9 
19   E      114.5                  59.6          30.1   177.7 
20   V     114.9                  65.9          31.2   178.8 
21   M      113.3                  55.9          32.7   178.9 
22   V      123.4                  66.9          31.4   175.7 
23   E      119.3                  59.6          28.3   179.6 
24   G      100.1                  47.3           -              177.5 
25   H      119.3                  60.7          25.9   176.2 
26   W      119.0                  59.8          30.0   178.8 
27   E      119.9                  59.3          28.2   178.8 
28   T      112.8                  67.5          66.8               175.6 
29   V      121.0                  67.3          30.9   177.3 
30   G      105.8                  48.4       -               175.8  
31   M      119.5                  59.9          33.6   178.8 
32   L      122.1                  58.4          39.4   178.7 
33   F      117.0                  60.3           37.5   179.0 
34   D      117.9                  57.8           41.8  178.9 
35   S      114.1                  63.1           58.0  175.3 
36   L      121.0                 57.9           40.4  180.2 
37   G      108.6                  49.2             -              174.8 
38   K      120.8                  59.7           31.0  178.7 
39   G      105.9                  47.4             -              176.2 
40   T      116.7                  68.0           69.3  175.1 
41   M      117.4                  59.9           33.8  178.3 
42   R      118.8                 59.4           32.0  - 
43   I      117.8                  66.3           37.7  176.9 
44   N      117.2                  55.1           37.7  179.0 
45   R      117.5                   -        -              - 
46   N      116.6                  54.7            -              176.2 
47   A      119.1                  53.5           17.5  177.4   
48   Y      112.1              -        -              - 
49   G      -                -        -              - 
50   S      122.7                  58.3           60.0  179.2 
51   M      117.1                  55.0            -              177.0  
52   G      104.7                  48.3            -              178.6 
    
Table S3. 13C chemical shifts of uniformly 13C,15N-labeled BChl a with δc and δ∗ 
representing chemical shift determined in this study and in the study of Egorova-­‐Zachernyuk	  et	  al,[12] respectively. 
 
Position                                  δc (ppm)                                 δ∗  (ppm) 
C 1 150.7 153.5 
C 2 - 140.9 
C 3 - 135.7 
C 3*1 197.8 194.6 
C 3*2 34.2 30.0 
C 4 149.8 151.9 
C 5 103.0 98.9 
C 6 167.8 170.0 
C 7 47.8 47.3 
C 7*1 25.8 23.0 
C 8 54.3 52.9 
C 8*1 32.3 30.0 
C 8*2 8.8 11.0 
C 9 160.0 157.7 
C 10 105.6 99.7 
C 11 152.2 147.1 
C 12 - 120.0 
C 12*1 15.6 8.7 
C 13 - 124.1 
C 13*1 191.1 188.4 
C 13*2 67.4 63.3 
C 13*3 - 169.9 
C 13*4 54.8 51.5 
C 14 162.1 160.6 
C 15 108.5 105.8 
C 16 157.4 150.2 
C 17 58.4 49.6 
C 17*1 30.4 30.5 
C 17*2 36.1 32.5 
C 17*3 - 174.5 
C 18 49.7 49.1 
C 19 164.8 168.8 
C 20 96.7 93.9 
p1 68.2 60.3 
p2 114.2 119.9 
 
 
  
4. Supporting Figures 
 	  
	  	  
Figure S2. Secondary	  chemical	  shifts	  (observed	  value	  minus	  random	  coil	  value)	  for	  liquid-­‐	  and	  solid-­‐state	  NMR	  data	  shown	  as	  a	  function	  of	  residue	  number.	  	  	  
 
Figure	   S3.	   Differences	   in	   chemical	   shifts	   for	   CsmA	   dermined	   using	   for	   liquid-­‐	  and	  solid-­‐state	  NMR	  (liquid	  minus	  solid). 
 
	   
	  
Figure S4. Plot of a residue based chemical shift similarity meassure, I, as a function 
of the residue number showing the most significant differences between liquid and 
solid-state NMR data. Defined as the weighted	   rmsd	   for	   C! ,	   C! ,	   C’,	   and	   N	  summarizing	  the	  differences	  for	  the	  four	  types:	  	  ! = 1! !!"# − !!"#!! !! 	  The	   weighting	   constant,	   σn,	   here	   is	   taken	   as	   the	   average	   standard	   deviation	  among	   the	  chemical	   shifts	   for	  a	   fixed	  amino	  acid	  and	  secondary	  structure	   type	  (this	   constant	   is	   then	   1.51,	   1.54,	   1.38	   and	   3.97	   ppm	   for	   C!,	   C!,	   C’,	   and	   N,	  respectively),	   and	  M	   is	   the	   number	   of	   different	   observed	   chemical	   backbone	  shifts	  for	  the	  residue 
 
	   
Figure S5. Dihedral	   angles	   predicted	   using	   TALOS+	   (shown	   as	   blue	   and	   red	  boxes)	  from	  the	  observed	  solid-­‐state	  chemical	  shifts,	  showing	  the	  corresponding	  dihedral	  angles	  as	  observed	  in	  the	  solution	  structure	  of	  CsmA	  protein	  (shown	  as	  circles) 	  
 
Figure S6. Order parameter, calculated using TALOS+ for liquid and solid-state 
NMR data.	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Figure	   S7.	   	  Dihedral	   angles	  predicted	  using	  TALOS+	   for	   liquid-­‐	   and	   solid-­‐state	  NMR	  chemical	  shift	  data.	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